Recent studies have shown that two nucleosomeremodeling complexes, NURF and CHRAC, open chromatin for transcription and replication by using their common catalytic subunit, the nucleosomal ATPase ISWI, to increase the mobility of nucleosomes relative to DNA sequence. Dynamic changes in chromatin structure underlie much of transcriptional control in the eukaryotic nucleus. In the hope of understanding how these are effected, attention has focused on the molecular machines that reorganize chromatin. The best-defined of these machines contain members of the SWI2/SNF2 superfamily of ATPases. These enzymes use the energy of ATP hydrolysis to destabilize chromatin structure sufficiently to promote access by the transcriptional machinery. Exactly how chromatin is destabilized has been a matter of controversy. Now, two carefully-controlled biophysical experiments [1,2], using biochemically purified components, have provided important insights into the workings of one member of the SWI2/SNF2 superfamily, known as ISWI. Surprisingly, it turns out that ISWI uses the energy of ATP hydrolysis to move histone octamers along a DNA molecule, while retaining an intact nucleosomal infrastructure [1, 2] . A third study extends these observations to the yeast SWI/SNF complex itself [3] . These new observations suggest solutions to several apparent contradictions in earlier results, but also raise new questions about how the molecular machines containing members of the SWI/SNF superfamily of ATPases work to disrupt chromatin.
Dynamic changes in chromatin structure underlie much of transcriptional control in the eukaryotic nucleus. In the hope of understanding how these are effected, attention has focused on the molecular machines that reorganize chromatin. The best-defined of these machines contain members of the SWI2/SNF2 superfamily of ATPases. These enzymes use the energy of ATP hydrolysis to destabilize chromatin structure sufficiently to promote access by the transcriptional machinery. Exactly how chromatin is destabilized has been a matter of controversy. Now, two carefully-controlled biophysical experiments [1, 2] , using biochemically purified components, have provided important insights into the workings of one member of the SWI2/SNF2 superfamily, known as ISWI. Surprisingly, it turns out that ISWI uses the energy of ATP hydrolysis to move histone octamers along a DNA molecule, while retaining an intact nucleosomal infrastructure [1, 2] . A third study extends these observations to the yeast SWI/SNF complex itself [3] . These new observations suggest solutions to several apparent contradictions in earlier results, but also raise new questions about how the molecular machines containing members of the SWI/SNF superfamily of ATPases work to disrupt chromatin.
The nucleosome remodeling factor, NURF, and chromatin accessibility complex, CHRAC, have been purified from Drosophila embryo extracts. Both complexes are relatively small, approximately 0.5 MDa, and contain fewer than five components including ISWI. NURF also contains a 215 kDa subunit that is yet to be characterized, a 55 kDa WD repeat protein which can bind histones with considerable specificity, and a 38 kDa subunit with inorganic pyrophosphatase activity [1] . It has been suggested that the inorganic pyrophosphatase might facilitate NURF activity through the elimination of pyrophosphate during the rapid replication cycles of early Drosophila development. The only other component of CHRAC to have been identified, aside from ISWI, is a topoisomerase II dimer. This is an enzyme that can relax superhelical DNA in an ATPdependent process, an activity that can be exploited to resolve DNA catenanes or facilitate chromosome assembly. Three other smaller components of CHRAC have not yet been characterized [2] .
The subunit compositions of NURF and CHRAC are consistent with the complexes having roles in histone and chromosome metabolism. The in vivo biological functions of these molecular machines have not been defined, nor has their existence yet been described in cells or organisms other than those of Drosophila. Nevertheless, experiments with NURF and CHRAC, and more recently with purified ISWI [2, 4] , have proven remarkably informative concerning the mechanisms of the chromatin-disrupting activities that have been defined using in vitro model systems.
NURF and CHRAC both facilitate chromatin disruption, as assayed by access of transcription and replication factors, but the structural basis of the increased access to regulatory factors that they bring about has been obscure. Overall cleavage of DNA within chromatin by enzymes such as micrococcal nuclease or DNase I does not appear to increase markedly in the presence of NURF or CHRAC. Furthermore, NURF disrupts the regular positioning of histone octamers relative to each other within a previously assembled nucleosomal array, whereas CHRAC promotes the assembly of a spaced nucleosomal array. Experiments with the purified ISWI ATPasewhich is specific for nucleosomal DNA -demonstrated that this component alone facilitates the spacing of nucleosomes, so the opposite behaviors of NURF and CHRAC must depend on other, specialized subunits interacting with chromatin. The unifying theme for the NURF and CHRAC chromatin-remodeling machines is that histone-DNA interactions change to facilitate the access of regulatory proteins to specific recognition elements, while retaining the efficient packaging of DNA in chromatin. How might this be accomplished?
Biophysical experiments have shown that there are only a limited number of ways to disrupt a nucleosome [5] . Each nucleosome contains a core which consists of an octamer of two molecules of each of the four core histones H2A, H2B, H3 and H4, around which 146 base pairs of DNA is wrapped. The nucleosome core is very stable to high salt concentrations and high temperatures; it can be disrupted under very dilute conditions and very low salt concentrations. While not irreversibly disrupting the entire nucleoprotein complex, these various changes in the physical conditions do alter the quality of the interactions between the histone and DNA components. For example, increasing salt concentration or raising the temperature greatly facilitate the 'sliding' of nucleosomes along the DNA molecule. During the sliding process, the histone octamer moves relative to the surface of the double helix without actually being irretrievably displaced from the DNA. This 'sliding' appears to be very similar to the active process of nucleosome mobilization induced by NURF and CHRAC.
Several important discoveries in recent years have relied on the reconstitution of histone octamers on recombinant DNA sequences, and these reassembled nucleosomes are much less stable in certain ways than the nucleosome core itself [6] . The major difference between the nucleosome core and the reassembled nucleosomes is the presence in the latter of extra DNA in cis, beyond the 146 base pairs that is in intimate contact with the core histones. This flanking DNA provides a powerful competitor for binding to the histone octamer wherever it is positioned on a long -more than 146 base pairs -DNA fragment. The presence of this additional DNA not only facilitates the movement of the histone octamer with respect to the DNA sequence, but also allows the application of very sensitive assays for nucleosome mobility (sliding). These assays can detect the low levels of spontaneous movement of nucleosomes that occur under physiological conditions [6, 7] .
The spontaneous movement of histone octamers under physiological conditions, or at least those that are reconstituted in an in vitro transcription reaction, increases with the length of DNA [6, 7] . Histone-DNA interactions that would normally prevent a transcription factor binding to a recognition element if the nucleosome were immobile become permissive for transcription under conditions that promote mobility [7] . NURF, CHRAC and the ISWI nucleosomal ATPase have now been discovered both to be capable of actively promoting nucleosome mobility [1, 2] .
The assays for the movement of the histones core with respect to DNA sequence have relied on non-denaturing gel electrophoresis that is sensitive to nucleoprotein conformation, and nuclease mapping of the boundaries of strong histone-DNA interactions [1, 2, 6, 7] . In experiments using NURF, CHRAC and ISWI, DNA fragments of 250-359 base pairs in length were used to provide ample opportunity for the histone octamer to redistribute to alternative positions. The results [1, 2] clearly showed that the complexes increase the rate of nucleosome movement in a manner dependent on the nucleosomal ATPase activity of the ISWI component. The histone:DNA stoichiometry was retained, and the integrity of the nucleosomal templates resisted competition in trans by a more than 3000-fold excess of DNA.
Interestingly, CHRAC and ISWI were found to move nucleosomes in different directions with respect to the particular DNA sequence used [2] , and NURF failed to move nucleosomes at all on a DNA sequence containing a 5S rRNA gene [1] . The nucleosome mobility is thus sensitive to the particular components in association with ISWI and on the pre-existing stability or conformation of the histone-DNA complex. Although these determinants Dyad remain to be understood, the important conclusion is that NURF and CHRAC stimulate nucleosome mobility. This movement of the histone octamer with respect to DNA sequence offers the potential for at least transient access of all recognition elements within a DNA fragment to regulatory factors, while retaining the overall wrapping of DNA within chromatin.
Whitehouse et al. [3] used an ingenious strategy to reach similar conclusions about how the budding yeast SWI/SNF complex disrupts chromatin. In their experiments, a 189 base-pair fragment DNA on which a nucleosome had been assembled was ligated to a 1,133 base-pair segment of DNA that was itself linked to a magnetic bead. The bead allowed the chromatin sample to be purified easily from complex mixtures containing SWI/SNF, and the presence or absence of a nucleosome to be assayed. The presence of more than a kilobase of flanking sequence provided an even greater concentration of DNA in cis to act as a sink for the histone octamer than in the ISWI experiments [1, 2] . Not surprisingly, the histone octamer moved towards this sink in a way that was facilitated by the addition of the SWI/SNF complex. In an important twist to the story, Whitehouse et al. [3] introduced a barrier to nucleosome movement in the form of a DNA sequence that formed a four-way (Holliday-type) junction. Remarkably, the fourway junction significantly inhibited the SWI/SNF-mediated redistribution of the histone octamer. This provides compelling evidence that the histone octamer is not completely displaced from DNA by SWI/SNF to reassociate elsewhere in the sequence under these particular conditions. Instead of this 'hopping' mechanism, the results are most consistent with the histone octamer sliding along the DNA molecule. The four-way junction presumably presents a major barrier to this sliding process.
CHRAC, NURF, ISWI and SWI/SNF all promote nucleosome movement without either disrupting the histone octamer or displacing the entire octamer from association with DNA; only the exact DNA sequence bound by the octamer changes. The possible mechanisms of this process are best considered in relation to the crystal structure of the histone octamer bound to DNA, which shows that the histones contact DNA across the minor groove once per helical turn, every 10-11 base pairs, as shown by red circles in Figure 1a [8] . Most of these interactions appear to be energetically equivalent. Each histone contact with the DNA is like an individual fingertip touching the inside of a bowl; a single contact can thus be transiently broken while the overall integrity of the nucleosome is maintained.
There are three distinct mechanisms by which the translational mobility of a nucleosome relative to DNA could most simply be promoted. The first involves the local looping of DNA in contact with the histones. Small loops of 20-30 base pairs, perhaps originating from linker DNA, could break one or two contacts at any time to allow movement, while retaining the overall histone-DNA association. In this model, the rotational orientation of the DNA molecule itself relative to the histone surface remains constant (Figure 1b) . The detailed analysis of spontaneous nucleosome mobility shows that this translational movement of the octamer relative to DNA sequence occurs in integral helical steps, consistent with this local-looping model [6, 7] ; whether this happens in the reactions driven by CHRAC, NURF and SWI/SNF has not yet been determined. Regions of the core histones that may be particularly important for the action of SWI/SNF nucleosome-destabilizing complexes. Views of the nucleosome are shown (a) from the top and (b) from the side. Histones H3/H4 are shaded light blue and histones H2A/H2B dark blue. The amino-terminal α-helix of the histone fold domain of H3 is shaded green; this is proposed to stabilize histone octamer-DNA interactions at the edge of the nucleosome core. The amino-terminal α-helix of the histone fold domain of H4 is shaded yellow; this is the key histone-recognition domain for NURF 55. The part of the long central α-helix of the H4 histone fold domain shaded red is the site of mutations that relieve the requirement for the SWI/SNF complex in S. cerevisiae. These histone domains are close to each other in the nucleosome, and their interaction with a protein -for example a component of a nucleosomedestabilizing complex -might alter their DNA-binding surfaces, such as those labelled 'β-bridges' or 'paired ends of α-helices'. A second possible way of mobilizing DNA with respect to the histone octamer involves rotation of the DNA double helix with respect to the histone surface (Figure 1b) . This rotational mobility appears unlikely to be the mechanism of CHRAC-mediated disruption, because DNase I cleavage experiments show that the 10-11 base-pair periodicity typical of rotationally positioned DNA sequences is retained during the reaction; any non-integral rotation of DNA with respect to the histone surface would be detected in this analysis. Rotation of integral turns of DNA would not be detected in this assay and could contribute to facilitating translational movement in steps of 10-11 base pairs.
A third way of promoting the mobility of the histone octamer relative to the DNA sequence would be to make use of the alignment of major and minor groves of DNA on the surface of the octamer [8] . Movement of the histone octamer in integral superhelical turns of DNA, each containing 80 base pairs, would require the transient disruption of all contacts of DNA with the histone fold domains (Figure 1b ). There is no evidence for such a large mobilization of histone-DNA contacts in the in vitro experiments using ISWI alone, or with the NURF, CHRAC or SWI/SNF complexes.
So how do NURF, CHRAC, SWI/SNF and ISWI actually promote nucleosome mobility? One possibility is that the local disruption of histone-DNA contacts at the periphery of the nucleosome core has a large influence on the integrity of the particle as a whole. The amino-terminal α helix of histone H3 (Figure 2, green) contacts the DNA at the edge of the nucleosome core, providing additional interactions beyond those imparted by contacts with the minor groove, and may help determine the boundaries of the nucleosome core. Mutations of histone H3 have been identified that relieve the requirement for the yeast SWI/SNF proteins to destabilize histone-DNA contacts at the boundary of the nucleosome core [9] ; the region where the corresponding mutations in H4 occur are highlighted in red in Figure 2 .
Destabilization of the nucleosome is probably necessary for the 55 kDa histone-binding component of NURF, NURF-55, to gain access to its key recognition contact within the histone octamer. This is the amino-terminal α helix (Figure 2, yellow) of the histone-fold domain of histone H4 in the nucleosome. All of these histone domains are juxtaposed in the nucleosome (Figure 2 ). The interaction of NURF-55 with histone H4 may facilitate stable nucleosome disruption by the NURF complex, and account for the loss of regular nucleosome spacing. The ISWI nucleosomal ATPase may initiate this process by disrupting histone-DNA contacts at the edge of the nucleosome core, either by associating with the core histones or by a tracking along the DNA and thereby competing with the histones for contact with the DNA double helix. This model considers the nucleosome as a structure subject to allosteric modulation, in which perturbation of histone-DNA contacts at one point has consequences for the stability of the entire particle.
The new results [1, 2] also raise many questions. From a structural viewpoint, the experimental conditions used are highly artificial: each octamer has more than 250 base pairs of DNA within which to move, whereas normally each nucleosome has only 180-190 base pairs. Furthermore, in vivo histone H1 normally binds to DNA outside of the nucleosome core and restricts mobility in a way that can repress transcription [7] . NURF, CHRAC and ISWI must use some strategy to evict H1 from chromatin. Again, destabilization of core histone contacts with DNA should suffice to do this, as H1 requires all the core histones to be present in order to assemble a nucleosome. This is less of a problem for the SWI/SNF complex, because budding yeast cells are deficient in linker histones.
Finally it is important to also note the differences between the properties of CHRAC and NURF and the chromatin-remodelling complexes of the SWI2/SNF2 superfamily of ATPases. Both the yeast SNF/SWI complex and the mammalian BRG1/BAF complex alter the rotational wrapping of DNA on the surface of the histones. The BRG1/BAF complex also alters the topology of chromatin, consistent with unwrapping of DNA from the histone surface [10] . An even more extreme trans-displacement of an entire histone octamer from DNA has been demonstrated for the yeast RSC complex [11] . At present, it is unclear to what extent these very different results represent distinct properties of the various chromatin remodeling complexes that have been characterized. It is possible that much of this variation results from the use of different assay conditions, where variation in the excess of chromatin remodeling complex, the type and physical characteristics of the nucleosomal preparation and the presence of huge excesses of competitor DNA affect the experimental outcome. Even with substantial recent progress we still have a great deal to learn.
